The radial arm maze apparatus (Olton, 1977) has been used extensively over the past few years to study short-term, or "working," memory for spatial locations in animals. The basic radial maze task involves baiting the distal end of each arm with a piece of food and then placing the animal in the center of the maze and allowing it to choose among the arms until it locates all of the food. Because food is not replenished within a trial, the most efficient way to perform on this task is to visit each arm only once. Olton (1977) and numerous others have shown that rats perform extremely well on this task, and there is good evidence that they accomplish their high levels of accuracy with the use of working memory (for reviews see Olton, 1978; Roberts, 1984) ; that is, rats can remember which spatial locations they have already been to and avoid returning to them within the trial.
A few other animal species have also been found to display accurate spatial working memory. Wilkie and Slobin (1983) tested gerbils on a 17-arm radial maze and found excellent spatial memory performance. Ring doves have also been found to perform accurately after extensive training in a spatial memory task involving a variant of the radial maze in which the "arms" consisted of 14 short tubes, arranged in two levels, that radiated from a large center area (Wilkie, Spetch, & Chew, 1981) ; the doves flew to perches attached to the entrance of each tube and then walked down the tube to obtain the food. Moore and Osadchuk (1982) reported that Savannah sparrows also performed accurately when tested outdoors in an 8-arm radial maze. Finally, field work and laboratory studies with seminatural environments have provided evidence for excellent spatial memory capacities in chimpanzees (Menzel, 1973 (Menzel, , 1978 , the amakihi, a nectarfeeding bird (Kamil, 1978) , and a number of food-storing birds such as Clark's nutcrackers (Balda & Turek, 1984; Tomback, 1980; Vander Wall, 1982) , marsh tits (e.g., Cowie, Krebs, & Sherry, 1981; Sherry, 1982) , and black-capped chickadees (Sherry, 1984) . In contrast, Betta splendens have been found to display only very moderate use of working memory in an aquatic radial arm maze (Roitblat, Tham, & Golub, 1982) .
Another species for which it has proven difficult to demonstrate the use of accurate working memory in the radial maze is the pigeon (Columba livia). Bond, Cook, and Lamb (1981) compared the performances of rats and pigeons on the same eight-arm radial maze and found lower accuracy in the pigeons. After performing a memory set analysis of their results, Bond et al. concluded that "at best, therefore, the birds were using only half the memory capacity of the rats; at worst, they might not have been using spatial memory at all" (p. 579). They speculated that the pigeons' poorer performance might reflect their evolutionary history: Because pigeons tend to feed from feeding grounds that are not easily depleted within a single feeding, they should have evolved a tendency to return to locations from which they have fed (a win-stay bias) and an accurate long-term memory for these locations. However, according to Bond et al., working memory for which particular locations they visited recently would not be selected for under these conditions. Although Bond et al.'s (1981) failure to find evidence for accurate spatial working memory in radial arm maze tasks with pigeons is consistent with other observations (Olson & Maki, 1983; Wilkie & Spetch, unpublished data, 1980) , their speculation about the source of the inaccurate performance has not been supported by subsequent research. Olson and Maki tested pigeons in a T-maze and found evidence for a strong win-shift strategy and excellent working memory for the side of the T-maze last visited. Thus, pigeons' poor performance on the radial maze task does not appear to be due to an inherent tendency to return to recently visited food sites or to an inability to remember where they have been last.
A recent study (Roberts & Van Veldhuizen, 1985) has now provided evidence that with special training conditions, pigeons can display accurate spatial memory in a radial arm maze. The specific training procedures used by Roberts and Van Veldhuizen involved a gradual increment, over successive phases, in the number of alleys to be remembered. After this special training, which involved approximately 190 trials, the pigeons were given free choices with all eight arms open and were found to perform with accuracy levels comparable to those typically found with rats. Furthermore, both choice pattern analysis and subsequent experimentation indicated that this accurate performance was not dependent on response strategies and appeared instead to reflect spatial working memory.
The results of Olson and Maki (1983) , and the more recent findings of Roberts and Van Veldhuizen (1985) , indicate that pigeons are capable of remembering recently visited spatial locations. The question remains, however, as to why they do not display evidence of this capacity in the standard radial arm maze task without special training. One possibility is that some feature of the radial arm maze apparatus inhibits pigeons from displaying their spatial memory abilities. Roberts and Van Veldhuizen, for example, noted that the radial maze mirrors the type of geometric patterns found in the tunnels and burrows of wild rats but that under natural conditions pigeons tend to search for food in open and relatively unconstrained spatial areas. Consequently, pigeons may be unprepared to deal with the labyrinthine structure of a radial arm maze. Bond et al. (1981) also mentioned that their pigeons tended to orient through the wire mesh toward unsearched arms while at the end of an adjacent arm. They suggested that the structure of the maze could have disrupted spatial memory in pigeons because it forced them to always return to the center area rather than allowing them to travel directly between goals.
In this regard, it should be noted that the apparatus used to demonstrate spatial memory in ring doves resembled an open-field type of environment much more than do standard radial arm mazes: The center area was very large and the "arms" were very short. Choices could be made by either flying directly between perches or flying to the center of the floor and then up to a perch. The Savannah sparrows, on the other hand, were tested in a more standard, structured radial arm maze. It is interesting, however, that the feeding habitats of Savannah sparrows include areas with an overhead cover of grass, and the birds' behavior in the wild has been described as having some rodentlike characteristics (e.g., Baird, 1968 ).
The present experiments were designed to test pigeons' spatial working memory in environments that were less constraining and perhaps more similar to pigeons' natural feeding habitats than is the radial arm maze. The first experiment employed a multiple-goal test environment that consisted of an open room with eight elevated "food sites" attached to three of the walls. The pigeons could choose among the sites by hopping or flying to perches which projected from each site. The second experiment employed a ground-feeding version of this multiple-goal apparatus in which eight food sites (milk cartons with a circular entrance hole cut on one side) were located on the floor of the open room. The pigeons chose among these ground-feeding sites by walking around and "entering" the cartons (i.e., inserting the head into the hole) to find food that was hidden inside each carton. The main feature of the flight and the ground-feeding open-field environments that differentiated them from the radial arm maze was the absence of constraints on choice paths: The pigeons were free to travel directly from one site to another, or they could return to the center of the room between choices.
G e n e r a l M e t h o d

Subjects
Four naive White Carneaux pigeons, between 6 months and 1 year of age, were used in Experiment 1. These same subjects (Birds 1-4) also served in Experiment 2, along with 6 additional White Carneaux pigeons (Birds 5-10). Bird 8 was under 1 year of age and was experimentally naive; the remaining subjects were between 1 and 3 years of age and had varied experimental histories in operant chambers. All subjects were maintained at 80%-85% of their free-feeding weights by grain obtained during and after experimental sessions. The birds were housed in individual wire mesh cages with water and grit freely available.
Apparatus
The open-field environment used in both experiments consisted of a rectangular test room 240 • 230 • 243 cm, with two windows located on the inside wall (see Figure 1) . One window was opaque, but the other window (65 cm square and 98 cm from the floor) contained a one-way glass through which the test room could be viewed from an adjacent observation room. All walls of the test room and the inside of the door were painted white. However, a number of distinctive features were available to provide "spatial landmarks." These included the door, a black light switch, and a beige thermostat on the first wall, a black wall socket on the second wall, the two windows on the third wall, and a black wall socket and doorstop on the fourth wall. In addition, the overhead light (a 100-W light bulb that could be turned on and off from within the observation room) was located slightly closer to the third and fourth walls, with the electrical cord running to a small hole located near the ceiling on the third wall.
The locations of the eight elevated food sites ("perches") used in the first experiment are shown in Figure 1 . The eight perches were all identical and were constructed of sheet metal and wire mesh. The base of each perch was 10 x 15 • 3 cm and was located 36 cm from the floor. The base was welded to a sheet-metal backing, 10 • 30 • 1 cm, that was attached with screws to the wall. A circular hole, 5 cm in diameter, was cut in the base, 1 cm from the backing (edge to edge), to hold a food cup. Each food cup was painted white and was 8.5 cm deep so that food inside the cup could be seen only from the perch. Each perch also contained a sheet-metal "cover" that was hinged to the perch backing above the food cup. When lowered, the cover formed a 45* angle that prevented the pigeon from landing on the perch or obtaining access to the food cup. Wires connected to each cover were fed through a pulley system across the ceiling to the observation room so that the covers could be raised without the experimenter's entering the test room.
The eight ground-feeding sites used in Experiment 2 consisted of 2-liter milk cartons with the tops cut off to provide light and with circular holes (7 cm in diameter) cut on one side (6 cm from the bottom of the carton, edge to edge) to provide "entrances." Each 20 • 9.5 • 9.5 cm carton contained a 3-cm layer of grit. The food sites were baited by placing kernels of corn on the grit directly against the carton wall 3 cm below the entrance hole. In this way the food remained hidden from sight until the pigeon inserted its head at least part way into the tbod site. During most of Experiment 2, the eight food sites were all visually distinct, consisting of red, black, and blue cartons with various patterns and markings. However, eight identical black cartons were used during some test phases. The cartons were placed on the floor in various spatial arrangements (described in Experiment 2).
Procedure
Pretraining. Each bird received one or more pretraining sessions that each lasted for 60 min. During the first of these sessions, the bird was placed in the test room with grain located in and around the food sites. Once the bird was reliably eating grain from the food sites, it then received one or more 60-rain sessions in which food was placed in the food sites only. The number of pretraining sessions required before the birds were reliably eating from all of the food sites is presented in the results of each experiment.
Basdine procedure. For both experiments, sessions consisted of a single trial per day, 5 or 6 days a week. At the beginning of a trial, each of the eight food sites was baited with one maple pea (Experiment 1) or with four kernels of corn (Experiment 2): then the overhead light was extinguished, and the pigeon was released onto the floor in the center of the room. Once the experimenter had arrived at the observation window (about 30 s), the light was turned on, and the bird's choice behavior was recorded. The birds were always observed to be on the floor (generally in the center of the room) when the light was turned on to start the trial. The trial ended once the bird had visited all eight food sites or after 15 min. The light was extinguished either immediately (Experiment 1) or 1 min after (Experiment 2) the end of the trial, and then the bird was removed from the room to end the session.
The specific procedures used during test sessions are described in the Method section of each experiment.
Analysis oJ'choice accura~3;. Choice of a food site was defined in terms of landing on a perch in Experiment 1 and entry of any part of the head into a carton in Experiment 2. For both experiments, the primary measure of choice accuracy used was the number of different food sites visited during the first eight choices. An additional measure of accuracy was provided by the total number of choices made until all eight sites were visited. These accuracy scores were compared with chance-level expectations of accuracy derived from computer simulations (based on 10,000 runs, or "trials") of random sampling from eight sites (cf. . Because birds often traveled directly between food sites in both of these test environments, the simulations were programmed so that return to a chosen site could occur only after another choice had been made. This resulted in a slightly higher estimate of chance-level performance (70% correct in the first eight choices) than the standard estimates based on random sampling with (immediate) replacement (66% correct; Piton, 1978; and therefore provided a more conservative comparison for actual performance.
Choice patterns. Patterns of choice responses were analyzed during the last 5 (Experiment 1) or 10 (Experiment 2) sessions of acquisition by assigning a score, ranging from -3 to +4, to each choice (with Choices 2-8 only). A score of zero represented a choice of the site most recently visited (i.e., a direct repeat error). Positive scores represented choices of sites that lay in the bird's dominant choice direction, and negative scores represented choices of sites in the other direction. ~ The value of the score indicated the degree of separation between sites (according to the numerical assignments shown in Figures 1 and 5) , with a score of 1 for adjacently numbered sites, a score of 2 for sites separated by one other site, and so on. The proportion of each type of choice was calculated for each bird, and then the contribution of these response patterns to choice accuracy was~examined by conducting computer simulations that incorporated an individual bird's choice biases (cf. Bond et al., 1981; Roberts & Van Veldhuizen, 1985) . Each simulation was based on 5,000 runs and provided an estimate of (a) the expected number correct in the first eight choices and (b) the expected number of choices required to visit all eight food sites. Thus, each simulation provided an expected level of choice accuracy based on each bird's tendency to make particular choices, but the simulated values assumed no memory of past choices. The t test for matched pairs was used to determine whether the birds' accuracies differed significantly from the simulated values.
Dominant choice directions were always determined by examination of choice order data rather than by observation of the birds' actual turning behavior. In the open-field test environments, the turning direction for a given choice was often impossible to evaluate: tbr example, in the flight apparatus a bird would sometimes hop or fly to the floor, walk around the room, orient to a perch, back away, and then fly across the room to another perch. Similarly, in the ground-feeding apparatus, birds sometimes walked to the center of the room, or to an area behind the cartons, changing "turning" directions several times before making their choice. E x p e r i m e n t 1
This experiment was designed to test pigeons' spatial working memory in the flight apparatus and involved three phases. The first phase consisted of acquisition of the spatial memory task, with each trial involving free choice among the eight perches. The second phase was designed to eliminate the possibility that simple response strategies were responsible for the accurate performance, and it involved forced choice of four randomly selected perches followed by free choice among all eight perches. In the third phase, the retention interval between the four forced choices and the free-choice component of the trial was varied.
M e t h o d
Phase 1: Acquisition. This phase involved a minimum of 25 trials with the baseline procedure described in General Method. On the 25th trial and each trial thereafter, the choice accuracies (percentage correct in the first eight choices) of each bird during the preceding 15 trials were examined in terms of a stability criterion (cf. Squires & Fantino, 1971) . Accuracy was considered stable if the means of the preceding three blocks of five sessions did not differ by more than 5% and if there was no upward or downward trend for these means. Acquisition was terminated once this stability criterion had been reached (Session 25 for Birds 3 and 4, Session 27 for Bird 2, and Session 28 for Bird 1).
Phase 2: P~rced-choice training. This phase involved 25 trials in which the first four choices were "forced." At the beginning of each trial, the eight food cups were baited, and then the perch covers were lowered over four randomly selected sites. The pigeon was permitted to choose until it visited each of the four open sites: then the overhead light was extinguished, and the perch covers on the four unvisited sites were raised by pulling on the attached wires from within the observation room. Ten seconds later, the light was turned back on, and the birds were given free choice of all eight food sites. The bird was often still sitting on the last-chosen perch when the lights were turned on, however, this was not counted as a choice. Accuracy was assessed in terms of percentage correct in the first four free choices as well as the number of choices required to find all four unvisited sites during the free-choice part of the trial. Chance-level accuracy was estimated by computer simulations of random sampling from eight options, four of which were already incorrect. As before, the simulations were programmed so that the same option could not be chosen twice in a row. Because the pigeons sometimes began the free-choice period while sitting on an incorrect (i.e., visited) site. the simulations were additionally programmed so that the first choice included only three incorrect options.
Phase 3: Retention interval tests. This phase began immediately after Phase 2 and consisted of 30 trials. The procedure was the same as that used in Phase 2 except that a delay (light out) of 3, 30, or 300 s followed the forced choices on each trial. Once this delay had expired, the perch covers were raised, and the light was turned on to begin the free-choice part of the trial. The order of the delays was randomly selected for each bird within the constraint that each delay occurred twice in each block of six trials. As in Phase 1, the four covered perches were randomly selected for each trial. and 4 were not flying to the perches by the end of the third session and therefore required additional pretraining sessions (five for Bird 4, seven for Bird 3) in which they were "shaped" to fly to the perches by placing boxes beneath the perches to form a sort of stairway. Grain was placed on the top of these boxes to entice the birds onto them and finally onto the perch itself.
Once the experiment proper had begun, birds occasionally failed to complete a trial. Data from these incomplete trials were not included in the analysis, and the trial was repeated on the next day.
Phase 1: Acquisition. Figure 2 shows the percentage correct in the first eight choices for individual birds. Each data point represents performance averaged over blocks of five sessions, with the exception of Session Block 6, which shows performance for the 2 birds that were given additional training (two sessions for Bird 1 and three sessions for Bird 2). The figure shows a general increase in the percentage of correct choices over the acquisition sessions and shows asymptotic levels that are above the computer estimate of chance performance (indicated by the dotted line).
A paired t test indicated that the percentage of correct scores was significantly higher during the last five sessions than during the first five sessions, t(3) = 6.97, p < .01; the number of choices required to visit all eight perches also declined significantly from a mean of 15.8 during the first five sessions to a mean of 12. l during the last five sessions, t(3) = 3.277, p < .05. During the last five sessions, the percentage of correct scores was significantly higher than the 70% chance level value, t(3) = 5.2, p < .05, and the n u m b e r of choices to visit the eight sites was significantly less than the chance level value of 19.15, t(3) = 7.44, p < .01. Thus, the pigeons performed reasonably accurately in this spatial memory task, without the gradual introduction of the eight choices that seems to be required in order for pigeons to perform well on the radial arm maze (Roberts & Van Veldhuizen, 1985) . However, the accuracy levels observed in this experiment were clearly not as high as those reported by Roberts and Van Veldhuizen for the pigeons that had been given the special training in the radial arm maze, or as high as those typically reported for rats in an eight-arm radial maze (e.g., Piton, 1978) . Table 1 shows the analysis of choice patterns for each bird during the last five trials as well as the birds' observed accuracy scores and the accuracy scores derived from computer simulations of sampling according to each bird's individual choice biases. The t tests for matched pairs revealed that the birds were significantly more accurate in the first eight choices, t(3) = 3.89, p < .05, and took significantly fewer choices to visit all eight perches (obtained M = 12.1, simulated M = 19), t(3) = 6.41, p < .01, than predicted by the computer simulations based on choice biases and which assumed no memory for past choices. This suggests that the birds' choice biases alone were not sufficient to produce the obtained levels of accuracy on the spatial memory task.
Phase 2: Forced-choice procedure. The birds' percentage correct scores for the first four free choices are shown for successive blocks of five trials in Figure 3 . By the last block of Phase 2, the birds' percentage correct scores (M = 68.8%) were significantly higher than the 45.5% computer estimate of chance-level accuracy (dashed line), t(3) = 6.2, p < .01. In fact, this level of accuracy was not significantly different, t(3) = .293, p > . 1, from that obtained on the four choices that followed four correct free choices during the last block of Phase I (M = 70% correct). By the last block of Phase 2, the mean number of choices (7.8) required to locate all four baited sites following forced choice was also significantly lower than the value of 14.7 estimated by computer simulations, t(3) = 7.6, p < .01. These results provide further evidence against the possibility that the pigeons were avoiding previously visited sites on the basis of response strategies alone.
Phase 3: Retention tests. The birds' percentage correct scores declined slightly as a function of the retention interval as shown in Figure 4 . A one-way analysis of variance revealed that the effect was significant, F(2, 6) = 5.964, p < .05. This small detrimental effect of the retention interval on choice accuracy is consistent with the results of Roberts and Van Veldhuizen (1985) for pigeons in an eight-arm radial maze. The mean number of choices required to visit all four correct sites increased slightly with increases in the retention interval (M = 6.7, 7.2, and 7.7 for 3-s, 30-s, and 300-s interval,;, respectively), but these differences were not significant, F(2, 6) = 1.02.
E x p e r i m e n t 2
Pigeons performed reasonably accurately in the eight-goal flight apparatus of Experiment 1 without special or extended training, and they appeared to use memory for previously visited sites to guide choice behavior. Nevertheless, the apparatus did not seem to provide the ideal conditions for assessing pigeons' spatial memory abilities, because the birds were often very slow to make their choices. They frequently made only a few choices and then paused on a perch for several minutes before continuing with the trial. This problem became worse with continued testing and was not alleviated by increasing deprivation levels (subsequent to the last phase of Experiment 1). We encountered this problem again in another group of older pigeons that were subsequently trained on the flight apparatus. As this pausing behavior would result in the birds' Table 1 imposing their own retention interval between choices, it seemed likely that the pigeons were not performing to the limits of their spatial memory capacity. On the assumption that the pausing problem might be reduced or eliminated by removing the flight requirement from the task, Experiment 2 was designed to test the pigeons' spatial working memory in a ground-feeding version of the open-field environment (a sort of "walking memory" task), in which the perches were replaced with food sites placed on the floor of the open room. A second reason for developing the ground-feeding spatial memory apparatus was that it seemed to offer more flexibility for studying pigeons' spatial working memory as a function of the spatial organization of the food sites. Studies with rats have shown that the structure of mazes can have dramatic effects on accuracy levels and response strategies (e.g., Horner, 1984) . Thus, in addition to providing a general test of pigeons' working memory abilities in an open-room ground-feeding environment, the present study also provided a preliminary examination of the effect of different spatial arrangements on pigeons' choice behavior.
Proportion of Choices of Food Sites at Different Units of Separation in the Preferred (+) or Nonpreferred (-) Direction, and Observed and Simulated Accuracy for the Last Five Sessions of Phase l a in Experiment 1
R E T E N T I O N I N T E R V A L (SEC)
Another question of interest addressed by the present study was whether pigeons would use differential visual cues associated with the food sites themselves to remember which sites they had already visited. The pigeons were therefore trained with visually distinct food sites and then tested with visually identical food sites placed in the same spatial locations used during training. This manipulation might be viewed as analogous to training with intramaze as well as extramaze cues and then testing with extramaze cues only. Although extramaze cues appear to dominate rats' memory in radial arm mazes, rats have been shown to use intramaze cues under certain conditions (e.g., Kraemer, Gilbert, & Innis, 1983) , and the results of some tests conducted by Roberts and Van Veldhuizen (1985) suggested that their pigeons used both intramaze and extramaze cues to identify previously visited alleys in the radial maze.
M e t h o d
The pretraining and baseline procedures described in General Method were used for all phases of this experiment.
Phase la: Circular arrangement, visually distinct food sites. During this first phase, eight visually distinct food sites were arranged in a circle, with the entrance of each carton facing toward the center of the room, as shown in the left panel of Figure 5 . The cartons were spaced approximately 45 cm apart, edge to edge, except for cartons l and 8 which were separated by about 90 cm. The 4 "experienced" pigeons from Experiment l were tested for l0 trials; the remaining 6 subjects, fbr which both the apparatus and the procedure were novel, were tested for 25 trials.
Phase l b: Circular arrangement, visually identical food sites. This phase consisted of two test trials (for all birds) in which eight visually identical food sites (black cartons) were placed in the same circular arrangement used in Phase la.
Phase 2a: Linear rows arrangement, visually distinct ,food sites. During this phase the eight visually distinct food sites were arranged in two rows of four sites each, with the entrances facing inward. Within a row, the cartons were spaced 20-22 cm apart. The distance between the rows differed between subjects. Half of the subjects (Birds 1, 2, 5, 6, and 7) were tested with the rows spaced 160 cm apart (the "far" arrangement shown in the middle panel of Figure  5) . The remaining subjects were tested with rows spaced 40 cm apart (the "near" arrangement in the fight panel of Figure 5 ). All subjects were tested for 10 trials under this condition.
Phase 2b: Linear rows arrangement, visually identical .food sites. For each bird, the eight visually identical black food sites were arranged in the same spatial arrangement used in Phase 2a. All subjects were tested for two trials.
Control trials. In order to ensure that the pigeons could not see or smell the food within the food sites before "entering" the carton (i.e., inserting any part of the head into the entrance), each bird received two control trials in which only four randomly selected food sites were baited. Behavior on these control trials was scored as for the baseline trials, and then entrances into the baited and unbaited sites were compared.
R e s u l t s a n d Discussion
Pretraining to eat from the ground-feeding sites for Birds 1, 2, 3, and 4 began approximately 4 months after their last tests in the flight apparatus of Experiment l, and after a series of pilot experiments for the development of a ground-feeding apparatus. These birds were therefore exposed to different numbers and types of "food sites" during their preliminary training. Once the milk carton food sites had been established, these animals were trained within two sessions. Birds 5-10 were trained only with the milk carton food sites and were given a total of 4, 3, 6, 5, 7, and 6 pretraining sessions, respectively.
Phase 1: Circular arrangement. The percentage correct in the first eight choices during Phase la (acquisition with visually distinct food sites) and during Phase lb (the test with visually identical sites) is shown in Figure 6 for the 4 experienced birds from Experiment 1 and for the 6 new birds. As can be seen, accuracy scores were very high from the outset for both groups of birds. Even during the first block of five trials in Phase la, accuracy scores were significantly above the 70% chance level for both the experienced birds ( M = 84.4), t(3) = 5.2, p < .05, and the new birds ( M = 82.9), t(5) = 4.31, p < .01. An analysis of variance on the accuracy data from both blocks of trials for the experienced birds and from the first two blocks of trials for the new birds revealed no significant difference between the two groups, F( 1, 8) = 0.678, p > . 1, and no significant interaction between groups and blocks of trials, F(1, 8) = 0.084, p > . 1. The effect of blocks also failed to reach significance, F( l, 8) = 3.77, p > .05. Several of the birds developed a fairly strong bias toward choosing adjacent food sites by the end of Phase la, whereas others showed very little consistency in response pattern (see Table 2 ). The left half of Figure 7 shows the choice patterns displayed during the last five trials by the bird from each group (i.e., new and experienced) that showed the least "circling" tendency. The right half of this figure shows choice patterns of the bird from each group that showed the greatest tendency to "circle" the maze. The behavior of Birds 2 and 9 clearly suggests the use of working memory, as the high levels of accuracy were achieved without the use of any consistent pattern of responding. In contrast, the behavior of Birds 4 and 8 suggests the use of a response strategy. Nevertheless, observation of behavior during the 1 min that followed the eighth choice provided some indication that even the behavior of Bird 8 may have been controlled in part by working memory: On the five trials shown in the figure, this bird was never observed to continue its circling pattern after the eighth choice. On Trial 21, the bird turned back and approached (but did not enter) site 7, on Trials 22 and 24 it stopped and made no further choices, on Trial 23 it entered site 1 for its ninth choice, and on Trial 25 its ninth choice was site 3.
All birds performed better during the last l0 trials of Phase la than expected from computer simulations based on their individual choice biases during these trials (Table 3 ). The number correct during the first eight choices was significantly higher than the simulated values for both the experienced birds (observed M = 7.0, simulated M = 5.9), t(3) = 4.05, p < .05, and the new birds (observed M = 7.3, simulated M = 6.0), t(5) = 3.99, p < .05. The birds' number of choices to visit all eight sites was also lower than the simulated values for the experienced birds (observed M = 10.2, simulated M = 16.8), t(3) = 3.96, p < .05, and the new birds (observed M = 10.1, simulated M = 16.2), t(5) = 3.3, p < .05. 2
Percentage correct scores for the experienced birds were not significantly different during the two test trials with visually identical food sites in Phase lb (M = 93.8) than they were during the preceding two trials in Phase la (M = 90.6), t(3) = 0.77, and the mean percentage correct scores during the two conditions were identical (89.6%) for the new birds. Similarly, there were no significant differences between the last two Phase la trials and the two Phase lb trials in terms of number of choices to visit all eight sites [experienced birds: Phase la M = 10, Phase lb M = 9.4, t(3) = 0.66; new birds: Phase la M ---9.7, Phase lb M = 9.3, t(5) = 0.80]. The excellent performance observed with visually identical food sites suggests that the birds did not rely on visual cues associated with the cartons themselves to remember which food sites they had already visited.
Phase 2: Linear rows arrangement. Performance during Phases 2a and 2b is shown in blocks of two trials for the 5 birds tested with the "far" rows in the left panel of Figure 8 2 Some birds (e.g., Bird 6) showed a fairly strong tendency to choose an adjacent arm but also frequently reversed directions and thus produced a high proportion of + 1 and -1 choices. Simulations based on these proportions tended to yield very low accuracy levels. This results because a strong tendency to choose either the left or the right adjacent site, coupled with no memory for which sites had already been chosen, would produce many incorrect choices. and for the 5 birds tested with the "near" rows in the right panel of Figure 8 . During Phase 2a, the accuracy scores of birds tested with the far arrangement were slightly higher than those tested with the near arrangement, although both groups performed well above chance level. A two-way analysis of variance on the accuracy scores for Phase 2, with spatial arrangement as the between groups factor and trial blocks as the within factor, revealed a significant main effect of spatial arrangement, F(1, 8) = 6.19, p < .05, but not of blocks, F(4, 32) = 1.64, and no significant interaction, F(4, 32) = 0.097. A similar analysis on number of choices to visit all sites revealed a small but reliable effect of spatial arrangement (far group, M = 10.4; near group, M = I 1.0), F(I, 8) = 7.03, p < .05, and no other significant effects. Figure 9 shows the pattern of choices during the last five trials of Phase 2a for the birds previously observed to have low or high circling tendencies in the circular arrangement. It is interesting that the birds that had adopted a circling strategy in the circular arrangement did not continue to display a simple response pattern in the linear arrangement, and yet they were still able to achieve reasonably high levels of accuracy.
Comparisons of the birds' peformance with computer simulations based on response patterns (see Tables 2 and 3) revealed that both groups of birds visited significantly more food sites during their first eight choices [far group: observed M = 7.1, simulated M = 5.9, t(4) = 4.43, p < .05; near group: observed M = 6.7, simulated M = 5.6, t(4) = 7.95, p < .01] and took significantly fewer choices to visit all sites [far group: observed M = 10.2, simulated M = 16.7, t(4) = 5.08, p < .01; near group: observed M = 11.1, simulated M = 18.8, t(4) = 9.56, p < .02] than expected on the basis of computer simulations.
The far group showed a significant decrement in percentage of correct scores during the test trials with visually identical cartons in Phase 2b (M = 82.5%) relative to the last two trials of Phase 2a (M = 93.8%), t(4) = 3.08, p < .05. The mean percentage correct for the near group was not significantly different during Phase 2b (86.2%) than during the preceding two trials of Phase 2a (87.5%), t(4) = 0.41. For the far group, the number of choices to visit all sites was also somewhat higher during Phase 2b ( M = 10.9) than during the preceding two Phase 2a trials (M = 8.6), but this difference just failed to reach significance, t(4) = 2.28. The near group showed only a small and nonsignificant, t(4) = 1.0, difference in number of choices to visit all sites during Phase 2b (M = 11.4) relative to Phase 2a ( M = 10.1). Nevertheless, in the absence of distinct food-site cues during Phase 2b, both groups were significantly more accurate than the 70% chance level, far group, t(4) = 3.42, p < .05 and near group, t(4) = 5.26, p < .01, and took significantly fewer choices to visit all sites than expected by chance, far group, t(4) = 7.71, p < .01; near group, t(4) = 4.97, p < .01. Thus, distinct food-site cues were not necessary for accurate performance, although the far group did show some disruption by removal of these food-site cues, a result indicating that they may have used these visual intramaze cues, together with spatial room cues, to achieve their high levels of accuracy during Phase 2a.
Control trials. During control trials, the number of unbaited food sites visited in the first eight choices (M = 3.4) was not significantly different, t(9) = 0.51, from the number of baited food sites (M = 3.5). There was also no significant difference between the number of choices made before all unbaited food sites were visited (M = 10.5) and the number of choices made before all baited food sites were visited ( M = 10.3), t(9) = 0.64. Therefore the birds did not appear able to detect the presence or absence of food in the sites before. "entering" the cartons.
G e n e r a l Discussion
The present results provide clear evidence that in an openfield type of feeding environment, pigeons can display accurate spatial working memory without the special or extended training that they seem to require in the radial arm maze (cf. Roberts & Van Veldhuizen, 1985) . These results, together with those of Roberts and Van Veldhuizen, strongly refute the suggestion that pigeons, unlike rats, have not evolved the capacity to accurately remember the spatial location of recently visited sites (Bond et al.. 1981) .
Although there was a general tendency in all conditions for the pigeons to choose adjacent food sites, several lines of evidence suggested that most birds did not rely on a response strategy alone to solve the task. First, computer simulations of sampling according to the individual birds' response biases uniformly generated accuracy scores that were lower than those displayed by the birds. Second, the pigeons showed above-chance accuracy in locating unvisited food sites following forced choice to four randomly selected sites (Phase 2 of Experiment 1), a procedure that prevents the pigeon from using a response strategy to choose accurately. Third, there were large differences between birds in terms of the degree to which they displayed response bias during Experiment 2 (see Table 2 and Figures 7 and 9) , and yet all the birds performed accurately. Finally, Bird 8, which developed the strongest tendency to circle the maze in the circular arrangement ( Figure 7 ) was nevertheless able to perform accurately in the linear arrangement in which it did not display a consistent pattern of choices (Figure 9 ).
In any case, it should be noted that response patterning can arise for reasons other than an inability to remember previously visited food sites (Foreman, 1985) . An adjacent-sites bias would tend to minimize overall travel and therefore should be the most efficient way to forage in a free-choice setting. In this regard, it is interesting to note that the near arrangement, in which traveling distances between all sites were minimal, appeared to generate the lowest degree of response bias of the three arrangements used in Experiment 2 (see Table 2 ). This is consistent with the findings of Yoerg and Kamil (1982) and Foreman (1985) , that the size of the maze affects the degree to which rats show consistent response patterns.
The results of the tests with visually identical food sites in Experiment 2 suggested that for the most part, the birds did not depend on food-site (i.e., intramaze) cues to perform accurately. A significant disruption in accuracy after a change from visually distinct to visually identical food sites was seen only with the far linear arrangement, and even in this condition accuracy was still well above chance level with the visually identical food sites. It should be noted, however, that because these tests did not place spatial and food-site cues in opposition, the results indicate only that food-site cues were not necessary for accurate performance; these cues may neverthe- less have provided additional but redundant information for the birds during baseline. Of the two test environments used, the ground-feeding version appeared to be the most suitable for studying spatial memory in pigeons, not only because it yielded higher levels of choice accuracy but also because the pigeons were much quicker to complete trials. Although the time taken to complete trials was not systematically recorded in Experiment l, it was noted that the pigeons frequently took more than l0 rain to complete a trial in the flight apparatus and even exceeded the 15-min time limit on a considerable number of days (a situation resulting in cancellation of those trials). In contrast, during the last five trials of Phase la of Experiment 2, the average time taken to complete a trial (i.e., visit all eight sites) in the ground-feeding apparatus ranged from 1.2 min to 5.3 min across the 10 birds, with a mean of 2.75 min. One reason why pigeons might perform more readily (and perhaps more accurately) in a ground-feeding apparatus than in a flight apparatus is that eating from the ground is more natural for pigeons; in the wild, pigeons tend to eat from the ground in open areas (Goodwin, 1983) and "walk and run about quickly when feeding" (Goodwin, 1967, p. 56) . In addition, Goodwin (1954) suggested that pigeons "have an innate tendency to go to the ground when hungry, for handreared young ones that have never been fed at ground level will do so if left without food" (p. 201). Although pigeons use flight to reach feeding grounds and can be taught to seek food on ledges or window sills (Goodwin, 1983) , the elevated food perches used in Experiment l might not have been an ideal stimulus for feeding behavior. In fact, the frequent pausing behavior observed might indicate that the perches served as an elicitor of resting rather than feeding, as pigeons regularly use ledges or roofs with a wall on one side as roosting or resting places (Goodwin, 1954) .
The open-room ground-feeding apparatus of Experiment 2 also offers some unique advantages for the study of spatial memory because of its flexibility. The movable ground-feeding sites allow one to easily vary a number of features, such as the absolute and relative spatial location of the food sites, the number of sites, and their spatial configuration. Manipulation of these variables may help us to understand the organization of spatial m e m o r y in pigeons.
